In Drosophila embryos, a nuclear gradient of the Dorsal transcription factor directs differential gene expression along the dorsoventral (DV) axis, translating it into distinct domains that specify future mesodermal, neural, and ectodermal territories. However, the mechanisms used to differentially-position gene expression boundaries along this axis are not fully understood. Here using a combination of approaches including mutant phenotype analyses and chromatinimmunoprecipitation, we show that the transcription factor Suppressor of Hairless [Su(H)] helps define dorsal boundaries for many genes expressed along the DV axis. Synthetic reporter constructs also provide molecular evidence that Su(H) binding sites support repression and act to counterbalance activation through Dl and the ubiquitous activator Zelda. Our study highlights a role for broadly-expressed repressors, like Su(H), and organization of transcription factor binding sites within cis-regulatory modules as important elements controlling spatial domains of gene expression, to facilitate flexible positioning of boundaries across the entire DV axis.
INTRODUCTION
During early embryogenesis, proper positioning of gene expression boundaries is essential as these domains support the progression of gastrulation and the differentiation of distinct tissue types (rev. in Rogers and Schier, 2011; Stathopoulos and Levine, 2004) . In the early Drosophila embryo, genes are differentially expressed along the dorsoventral (DV) axis and subsequently specify whether a domain becomes mesodermal, neural, or ectodermal. Despite the fact that in most cases sharp borders separate these domains, it remains unclear how the distinct boundaries are positioned (rev. in Reeves and Stathopoulos, 2009; Stathopoulos and Levine, 2005a) . Combined input from transcriptional activators and repressors is thought to be important in specifying different domains of expression. For example, the role of repressors in specifying the ventral gene expression boundaries is well established (e.g. Cowden and Levine, 2003; Ip et al., 1992a) . However, only limited evidence exists to support a role for repressors in defining dorsal boundaries. As a result, most models that explain DV patterning have assumed that these boundaries are concentration-dependent threshold responses to transcriptional activators (Jiang and Levine, 1993; Rushlow and Shvartsman, 2012; Stathopoulos and Levine, 2005a) .
A pivotal player in patterning of the DV axis of Drosophila embryos is the NF-κB related, Rel-domain transcription factor Dorsal (Dl) (rev. in Hong et al., 2008; Reeves and Stathopoulos, 2009) . Dl is present in a nuclear-cytoplasmic gradient along the DV axis with higher levels of the protein present in ventral regions, and lower levels present progressing more dorsally (rev. in Moussian and Roth, 2005; Rushlow and Shvartsman, 2012) . The amount of Dl present within nuclei influences levels of gene expression, as does affinity/ number of binding sites within target cis-regulatory modules (CRMs) and cooperative interactions with other transcription factors. The transcription factors Daughterless (Da), Grainyhead, STAT92E, Suppressor of Hairless [Su(H) ], Twist (Twi), and Zelda (Zld) (also known as Viefaltig) have all been shown to play accessory roles in activation of gene expression along the DV axis (Garcia and Stathopoulos, 2011; Jiang and Levine, 1993; Liang et al., 2008; Liberman and Stathopoulos, 2009; Morel and Schweisguth, 2000) . Cooperative interactions between these (and possibly other) factors influence expression along the DV axis (rev. in Reeves et al., 2009 ). For example, Twi is also present in a nuclear gradient, but compared to the Dl gradient it exhibits a steeper decrease in ventrolateral domains of the embryo. Together these factors are thought to regulate expression of target genes in ventral and ventrolateral regions of the embryo (Jiang and Levine, 1993; Markstein et al., 2004; Zinzen et al., 2009) . Whereas in dorsolateral regions of the embryo, cooperative interactions between Dl and Zld help to extend gene expression boundaries further dorsally (Liberman and Stathopoulos, 2009; rev. in Rushlow and Shvartsman, 2012) .
According to the threshold-response model, dorsal gene boundaries are established by decreasing levels of one or more factors below the required level to support activation (e.g. Jiang and Levine, 1993; Liberman and Stathopoulos, 2009; Rushlow and Shvartsman, 2012) . This model does not require input from dorsally acting repressors, and indeed few have been identified. Exceptions include the regulation of the genes single-minded (sim) and intermediate neuroblasts defective (ind) , which are considered specialized-cases (Morel and Schweisguth, 2000; Stathopoulos and Levine, 2005c) . The activity of repressors is challenging to track, because the expansion that occurs in the absence of repressor activity can be subtle.
The snail (sna) gene encodes a zinc-finger transcriptional repressor that acts to restrict neuroectoderm and neural fate from the invaginating mesoderm (Ip et al., 1992c; Kasai et al., 1992) . Several studies have invoked repressive-activity in specification of the sharp expression boundary associated with sna Huang et al., 1997) . Early studies focusing on a promoter-proximal sna CRM suggested inputs for Dl, Twi, and Da in activation of sna gene expression (Ip et al., 1992c; Kosman et al., 1991; Leptin, 1991) . Hückebein (Hkb) repressor has been shown to refine the posterior border of sna, but plays no role in regulating its expression in the trunk region (Reuter and Leptin, 1994) . Two CRMs regulate sna in the early embryo Perry et al., 2010) , but only the recently characterized distally-located CRM supports expression with a clear 'on/off' (i.e. sharp) boundary similar to native sna pattern and is required for viability (Dunipace et al., 2011) (Figures S1A-C' ). Here we report that Su(H) negatively regulates expression of the sna gene via its distal enhancer and also mediates repression of many other genes expressed dorsal to sna. Our data show that the balance between Su(H) and activators defines distinct boundaries of gene expression along the entire DV axis of the Drosophila embryo.
RESULTS

cis-regulatory inputs to sna proximal and distal CRMs differ
sna expression is compromised in dl or twi mutants (Ip et al., 1992c; Leptin, 1991) . To investigate the cis-regulatory mechanisms supporting sna expression, we assayed the ability of proximal or distal sna CRMs to support expression in mutants. In the absence of Dl nuclear localization (i.e. gd7 mutant background), expression of both reporters was lost as had been previously observed for endogenous sna (data not shown). In the absence of Twi, however, the two CRMs exhibited different behaviors; expression through the proximal CRM was supported in ventral domains of the embryo, but at reduced levels (Figures S1F,G) and was comparable to endogenous sna expression (data not shown). In contrast, expression of the distal CRM was lost in twi mutant embryos ( Figures S1H,I ). A recent study of two enhancers acting at the brinker (brk) locus, another gene expressed along the DV axis, suggested a role for autoregulation in supporting expression of this gene (Dunipace et al., 2013) . Therefore, we also tested a role for Sna and found that it is required to support expression of the distal CRM but is dispensable for the proximal CRM (Figures S1L, M and Figures S1J, K respectively) . The boundary of gene expression supported by the distal CRM is sharp whereas that of the proximal is not. Moreover, many studies in the embryo have suggested Sna functions as a transcriptional repressor (e.g. Ip et al., 1992b; Leptin, 1991) . Therefore, we hypothesized that Sna supports its own expression by affecting another repressor.
The sna distal CRM as a handle to track dorsally-acting repressor activity
To provide insight into the identity of this putative repressor, we used a chimeric enhancer assay to test whether the CRMs that support sna embryonic expression are influenced by dorsally-acting repression. Chimeric enhancer assays involve placing two cis-regulatory sequences in tandem upstream of a reporter gene and analyzing the combined output of these sequences ( Figures 1A, B) . Briefly, the DNA sequence to be assayed for repression activity is placed next to the even-skipped stripe 3/7 (st3) CRM, which supports expression predominantly within one stripe along the AP axis in the trunk (with a weaker second stripe of expression present at the posterior) (Small et al., 1996) . Reporter expression, or rather lack thereof, at the st3 expression domain serves as a way to "track" repression activity acting through the flanking CRM sequence. Repressors associated with the tested fragment may influence reporter output either by affecting activators associated with the st3 CRM sequence (i.e. quenching/long-distance action) or the promoter (i.e. direct repression) (rev. in Payankaulam et al., 2010) . A similar approach has been used previously to track repressors acting in dorsolateral regions of the embryo, which define the ind gene dorsal boundary (Garcia and Stathopoulos, 2011; Stathopoulos and Levine, 2005c) . Using this chimeric enhancer approach, the 2kb sna distal CRM was assayed in tandem to st3. Reporter expression was observed in ventral regions, where sna is expressed, whereas expression in the st3 domain was diminished ( Figure 1E , compare with Figures 1C,D) . In contrast, when a fragment of the proximal CRM was assayed in a similar manner, expression was observed both in ventral regions as well as in the st3 domain; only a small gap in ventrolateral regions of the st3 domain was observed ( Figure 1F ). Dorsolateral repression activity observed in chimeric enhancer assays with the sna distal CRM could stem (i) from a complete block of st3 activity due to insulation or other enhancer blocking mechanisms (rev. in Maeda and Karch, 2007) , or (ii) because dorsallyacting factors repress st3 expression in the domain dorsal to the sna boundary as for the ind gene (e.g. Stathopoulos and Levine, 2005b) . To distinguish between these possibilities, focusing on the 2kb distal CRM that exhibited a stronger phenotype, we divided this sequence into four smaller overlapping fragments and assayed each fragment's ability to support repression ( Figure 1G ). Only one of four fragments, sna distal CRM fragment II ("sna D .II"), supported repression that was modulated along the DV and was able to block expression of st3 in lateral and dorsal regions, consistent with the domain expected for a repressor acting to establish the sna boundary ( Figure 1I , compare with Figures 1H,J,K). In addition, repressors known to act at the st3 CRM, Hunchback (Hb) and Knirps (Kni), were also able to affect the sna CRM-supported output (i.e. expression in ventral regions) as the ventral pattern exhibited gaps in expression along the AP axis ( Figure 1I , see arrowhead).
A minimal 97 bp fragment of the sna distal CRM receives activator and repressor inputs
As fragment sna D .II was sufficient to support repression in lateral and dorsal regions ( Figure  1I ) and also supported an expression pattern that is robust and sharp similar to endogenous sna expression ( Figures 3B-B'' ), we further analyzed this sequence to provide insight into how the snail pattern is regulated. To identify relevant binding sites, fragment sna D .II was divided into five pieces ( Figure 2A ) and assayed individually in chimeric enhancer assay (see Figures 2B, D-G) . Of the smaller fragments, only one fragment sna D.II .1 (i.e. sna distal CRM, fragment II, section 1) supported repression of st3. This repression is seen only weakly in dorsal regions while stronger, complete repression was observed in ventrolateral regions ( Figure 2B ). Expression in ventral regions within the domain normally encompassed by sna was detected with sna D.II .1, even when complexed with st3. In contrast, the ventral expression supported by the larger sna D .II fragment was repressed along the AP axis ( Figure  2B , compare with Figure 1I ). These results suggest that the relevant repressors (those acting along the AP to establish st3, Hb and Kni, as well as the putative sna repressor activity being tracked) are not as effective at silencing this 97 bp sna D.II .1 fragment as compared to the 567 bp sna D .II fragment. It is possible that other sites present in the larger fragment are required to support stronger repression activity.
Importantly, the 97 bp sna D.II .1 fragment appeared to be an input for repression as well as activation and was able to drive expression of the reporter in a domain with the same dorsal boundary as the endogenous sna gene ( Figures 2C-C") . Therefore, position weight matrices (PWMs) of transcription factor consensus binding site information (Jaspar database) were used to scan the 97 bp fragment sna D.II .1 for relevant binding sites; one bHLH site, shown to bind Twi , and three Su(H) sites (Morel and Schweisguth, 2000) were identified ( Figure 2H ). When the 97 bp fragment was divided into smaller 45 bp overlapping segments, none were sufficient to fully support expression in ventral regions or repression of st3 ( Figures 2I-K) . Only the middle 45bp segment (sna D.II .1-45b), which contained the three Su(H) binding sites displayed a patchy expression in ventral regions as well as relatively weak repression of st3 ( Figure 2J ). Furthermore, when either Twi or Su(H) sites were mutated within the sna D.II .1 fragment, localized expression in ventral regions was lost, suggesting synergy between these factors contributes to activation in ventral regions (Figures 2L-O; Furriols and Bray, 2001 ). Derepression of st3 in the ventrolateral domain was also observed upon mutation of either sites, particularly following loss of Su (H) Figure 2B ). In addition, when Su(H) binding sites were mutated, general expression throughout the embryo trunk was observed extending as far as dorsal regions ( Figure 2O ). These results suggested that Twi and Su(H) may act together to support sna expression in ventral regions of the embryo.
Loss of Su(H) activity leads to expansion of the sna as well as sim expression boundaries
We investigated whether Su(H) functions as a dorsally-acting repressor to limit the sna expression boundary. A total of six Su(H) binding sites were identified within the 2kb distal CRM, all of which are located in the 567 bp sna D .II fragment ( Figure 3A ), and this is also the only portion of the 2kb distal CRM that exhibited dorsal repression activity (see Figure  1I , compare with Figures Figure 1I ). These results suggest that Su(H) corresponds to the repressor activity that had been tracked by the chimeric enhancer assay.
To test the role of Su(H) in supporting sna expression, mutant embryo phenotypes were examined. As Su(H) transcripts are deposited maternally and the mutant is zygotic lethal, embryos were obtained from germline clone females (Morel and Schweisguth, 2000) . sim exhibits a variable phenotype in these mutant embryos: gaps in the single-line of expression are observed along the AP axis, whereas in other positions the pattern is expanded from the normal pattern of one cell in width to encompassing three or more cells (Figure 4B ', compare with Figure 4A ') (Morel and Schweisguth, 2000 ; data not shown). sna expression in mutant embryos was also abnormal; the boundary appeared 'non-sharp' and jagged ( Figure 4B , compare with Figure 4A ). This phenotype may relate to the gaps observed in the sim expression domain, as Sna is known to repress sim expression, and where sna was expanded appears to correlate with these gaps in the sim pattern ( Figure 4B ", compare with Figure 4A "). These results support the view that (i) Su(H) is required to define the sna boundary as well as the dorsal boundary of sim and (ii) loss of sim expression observed in Su(H) mutant embryo may result, at least in part, from expansion of the sna expression domain.
However, our cis-regulatory analysis of the 97 bp sna D.II .1 fragment also suggested a role for Su(H) in weakly supporting activation of this reporter in ventral regions ( Figure 2J ). Notch signaling has been shown to bias Su(H) toward activation; previous studies have demonstrated a role for this pathway, specifically, in support of sim expression. Therefore, we used an antibody that recognizes the Notch intracellular domain (N ICD ) to provide insight into the Notch signaling pathway activation profile within early embryos. N ICD is cleaved from full-length protein and internalized upon signaling pathway activation (rev. in Bray, 2006) . We found that N ICD was present within cells in the entire ventral region of the embryo and that, in contrast, it was associated with cell surface membranes dorsal to the Twi boundary ( Figures 4C-C' ', 4D-D'''). As lack of N ICD staining at the membranes is thought to correlate with activation of Notch signaling, this result suggests that Notch is active broadly in ventral regions of the embryo (Couturier et al., 2012) . However, as the Notch ligand Delta is also internalized in ventral regions (De Renzis et al., 2006) , it is possible that low levels activity may result in this domain due to cis-inhibition of the receptor (rev. in del Alamo et al., 2011) . In contrast, more dorsally where levels of the Delta ligand for Notch transition from low to high, trans-activation of the Notch receptor by high Delta in flanking cells may support a peak of Notch signaling that helps to turn on sim ( Figures 4C-C'' , F,G).
Collectively, chimeric enhancer analysis as well as N ICD stainings, support the view that in the ventral regions Su(H) is a weak activator, whereas dorsal to the sim domain Su(H) functions as a dedicated repressor. To test the idea that Su(H) functions as a dedicated repressor in dorsal regions of the embryo, we examined if it impacts positioning of other gene boundaries that are expressed in ventrolateral and dorsal domains along the DV axis.
Mutant phenotypes and ChIP-seq analysis identify a general DV patterning role for Su(H)
The expression of genes sog, vn, brk, rho, and ind was examined in embryos obtained from Su(H) germline clone females. Dorsal expansion of the expression domain was observed for all genes examined (Figures 5H-L compare with Figures 5C-G) . The phenotypes associated with genes sog, brk, and vn were clearly distinguishable when compared to wildtype embryos ( Figures 5H,I ,L, compare with Figures 5C, D, G) . The phenotypes exhibited by ind and rho genes were more subtle and yet reproducible: the ind expression domain is expanded by 1-2 cell widths into dorsal regions ( Figure 5J , compare with Figure 5E ), whereas the effect on rho presents as upregulation within the interstripe domain (Figures 5K, compare with Figure 5F ).
To provide further evidence that Su(H) regulates expression of these genes via binding to their respective CRMs, we performed chromatin immunoprecipitation followed by highthroughput sequencing (ChIP-seq) (Johnson et al., 2007) . Strong occupancy was observed at the DNA sequence corresponding to sna Distal (see above) and the previously characterized sim CRMs (Morel and Schweisguth, 2000) providing evidence for a direct role for Su(H) in regulating expression of these genes ( Figures 5A, B) . When the entire Drosophila genome was examined, Su(H) occupancy was also found to be associated with many previously characterized CRMs for genes expressed along the DV axis including sog, brk and vn (Figures 5M, Q, U) in addition to sna and sim.
As Su(H) binding to these CRMs was suggested by the ChIP-seq analysis and Su(H) binding sites are also present in these sequences, we decided to assay previously characterized CRMs for sog Distal , brk5' and brk3' in chimeric enhancer assay with st3. The chimeric enhancer assay provided evidence that dorsally-localized repression was also associated with these cis-regulatory elements (Figures S2A-K; data not shown). Subsequently, we mutated the Su(H) binding sites within some of the respective CRMs for genes that showed dorsal expansion phenotypes within Su(H) mutant embryos as well as Su(H) occupancy by ChIP-seq. These enhancers support expression in either ventrolateral (i.e. brk, and vn) or broad lateral (i.e. sog) domains. Su(H) binding sites were identified in the sog Distal , brk5', brk3', and vn CRMs but not in the sog Proximal CRM (see Supplemental Table S1 ). Furthermore, Su(H) and Dl binding sites can overlap, and in several cases such overlapping sites were identified within these CRMs (Figures 5 N,R,V) . Dl, Twi, and Su(H) linked binding sites have been classified as a regulatory motif called the neurogenic ectoderm enhancer signature; the idea being that close linkage of sites can better support activation in domains where the levels of Dl and Twi change significantly (for instance in ventrolateral regions of the embryo) (Crocker et al., 2008; Erives and Levine, 2004) . Therefore, we mutated the Su(H) binding sites within specific CRMs, taking care not to affect any bases overlapping with Dl binding sites. When the two Su(H) sites were mutated in the vn CRM, the pattern was expanded resulting in patchy, ectopic expression of the reporter in dorsal regions ( Figure 5X , compare with Figure 5W ). While, when the two Su(H) sites linked to Dl sites were mutated in the brk5' CRM, expression was supported in a broader domain and at a later stage than the native brk5'CRM ( Figure 5T , compare with Figure 5S ). Normally brk5' CRM supports early expression in ventrolateral regions of the embryo that is extinguished at cellularization, at which point brk gene expression is instead driven by another CRM (i.e. brk3' CRM; Dunipace et al., 2013) . Surprisingly, when the three Su(H) binding sites within the sog Distal .III CRM were mutated, the pattern was expanded such that instead of a lateral domain of expression, the signal throughout the embryo became ubiquitous and weak ( Figure 5P , compare with Figure 5O ). Both dorsal as well as ventral derepression was observed. The dorsal expansion is consistent with our model that Su(H) mediated repression is acting in dorsal regions; however, the ventral expansion observed suggests that mutagenesis of these particular Su(H) binding sites might also affect the action of other factors. In general, mutation of Su(H) binding sites supported expansion of the expression domain as would be expected by loss of a repressor; a result consistent with the phenotype of embryos from Su(H) germline clones and occupancy of Su(H) at these CRMs demonstrated by the ChIP-seq analysis (see Figure 5 ).
Combinatorial regulation between Su(H) and activators Dl and Zld control positioning of dorsal gene boundaries along the DV axis
To test whether combinatorial regulation might influence positioning of expression boundaries, we constructed a series of synthetic enhancer constructs and examined how combinations of transcription factor binding sites may relate to support of gene expression along the DV axis. As the backbone synthetic enhancer, we used a 45 bp element containing two Dl binding sites present in the sog distal CRM ( Figure 5N ). This 45 bp element was assayed in a chimeric enhancer assay with st3 to test for evidence of repression along the DV axis; furthermore, the st3 pattern also served as internal control to ensure that staining conditions were roughly equivalent. For multiplex in situ hybridization experiments, the ind gene expressed in dorsolateral regions of the embryo was used as a DV axis reference point by which to measure changes in border positioning in the various synthetic constructs (Figure 6 ; see also Figures S3A-J).
When a Su(H) binding site was added proximal to two Dl binding sites, 2xDl-freeSu(H), the supported pattern refined from a weak ubiquitous expression domain that expanded several cells above ind domain (Figure 6A ), to a pattern exhibiting more localized expression in ventrolateral regions, overlapping with ind expression ( Figure 6B ). Upon addition of one additional Su(H) binding site, however, synthetic enhancer expression was restricted more to the ventral regions and it no longer showed overlap with ind expression domain ( Figure 6C ). These results suggest that Su(H) can promote repression in the context of the flanking Dl sites as the addition of one or more Su(H) sites change the domain and level of expression along dorsolateral regions. However, no repressive effect was observed on st3 (for any of these chimeric enhancer constructs tested) which may relate to a requirement of other sequences to support long-range repression. As Dl and Su(H) binding sites can overlap (e.g. see sog D .III and brk5' CRMs; Figures  5N,R) , we investigated the effect of overlapping sites on synthetic reporter expression. When the two Dl-Su(H) overlapping sites were assayed, little to no expression was supported along the DV axis ( Figure 6E ). When these sequences were organized in tandem, expression in ventral regions was supported ( Figure 6C ). In contrast, when only one of the two Su(H) binding sites was designed to overlap with the Dl site, expression in ventral regions was retained ( Figure 6D) . Surprisingly, this construct also supported a sharp boundary ( Figure 6D , and Figures S3K,K' ).
This observation may relate to the Notch signaling acting as a molecular switch to support action of Su(H) as "Janus" factor: activator in ventral regions opposed to repressor in lateral and dorsal regions. Our data suggest that low levels of Su(H) complexed to N ICD present in ventral regions synergize with Dl to support activation; but where Notch is not active, Su(H)'s role as activator is no longer supported and Su(H)-mediated repression dominates. Furthermore, cooperative interactions between activators help define the extent of expression. For instance, the sharp boundary of expression supported by Dl and Su(H) sites in this synthetic construct correlates with the position of endogenous sim expression ( Figures S3K,K') ; while, in contrast, the 97 bp minimal sna enhancer containing Twi and Su(H) sites supported expression just one cell ventral to sim, correlating instead with the endogenous sna boundary (Figure 2C") . The Twist gradient is steeper than that of Dl. These findings highlight the difference between activators Dl and Twi and suggest that how they interact with Su(H) can position distinct gene expression boundaries along the DV axis.
We found that adding a Zld binding site to the 2xDl synthetic construct did not change the expression output ( Figure 6F , compare with Figure 6A ). Previous studies have suggested that Zld can expand the activation potential of Dl (Liberman and Stathopoulos, 2009 ). However, here the synthetic constructs were assayed as chimeric enhancers that incorporate a flanking st3 sequence; in this case, broad expression output supported by the 2xDl synthetic reporter may represent the maximum Dl-dependent output. The st3 sequence contains binding sites for Zld (Struffi et al., 2011) and/or other factors that help Dl to support expression in a broad domain. In any case, we investigated whether Su(H)-repression could counteract activation supported by closely positioned Dl-Zld sites.
When a Su(H) binding site was introduced to the 2xDl-Zld synthetic as an overlapping site with of one of the Dl sites, the boundary of expression was shifted ventrally ( Figure 6G We also tested whether organization of binding sites within the synthetic enhancers can impact the expression outputs. When a Zld binding site was introduced between two Dl sites in a synthetic construct as found in the sog Distal CRM (sog Distal .III; Figure 5N ), the pattern supported was broad and lateral ( Figure 6I compare with Figure 6F ) contrasting with the ventral pattern supported by other constructs in which Zld was positioned downstream of the Dl sites ( Figure 6F,G,H) . However, when a Su(H) binding site was introduced into the DlZld-Dl synthetic such that the second Dl site was overlapping with Su(H), similar to previous results (Figures 6B-E,G, and H) , expression along the DV axis was greatly reduced ( Figure 6J ).
To test whether repression caused by Su(H) binding sites was direct, we checked the expression of the Dl-[Dl-Su(H)]-Su(H), and 2xDl-2xfreeSu(H) synthetics in embryos from
Su(H) germline clone females. In the mutant embryos, expression supported by either synthetic was no longer restricted to the ventral domains, but expanded to dorsal regions of the embryo (Figures 6K, L compare with Figures 6C,D) , similar to the pattern supported by the 2xDl synthetic construct that only contains Dl binding sites ( Figure 6A ).
Overall, these experiments support the view that Su(H) can act as a repressor to affect patterning along the DV axis and that gene expression outputs result from a balance of interactions between activators and repressors. The combination of factors present as well as the number and organization of their binding sites can strongly influence the position of boundaries ( Figure 6M ).
Ectopic expression of N ICD results in expansion of the dorsal boundaries for many DV genes
Previous studies from other developmental contexts, namely bristle formation, have shown that activation of Notch can bias Su(H) toward activator form rather than repressor (e.g. Castro et al., 2005) . Therefore, we simulated the active Notch environment by expressing N ICD ectopically using a UAS-N ICD construct driven by nosGal4-GCN-bcd3'UTR to tip the balance from Su(H) as repressor towards Su(H) as activator at the anterior of embryos. Ectopic expression of DV genes was observed at the anterior half of the embryo, whereas the posterior half served as negative control ( Figure 7I ). Upon N ICD induction, the sim expression domain was expanded dorsolaterally to a region of 5-6 cells at the anterior end of the embryo ( Figure 7B , compare with Figure 7A ). This domain likely corresponds to where Dl and possibly Su(H) complexed with N ICD are competent to support activation. In turn, sna was expanded by 1-2 cells to the domain where Twi and Su(H)-N ICD are likely competent to support gene expression; furthermore, the sna boundary was no longer sharp but jagged ( Figure 7H , compare with Figure 7G) . Surprisingly, weak ectopic expression of sna was also observed in dorsolateral regions; suggesting that N ICD , complexed with Su(H) can, albeit weakly, support sna expression. Similar to sim and sna, sog and vn also showed dorsally expanded expression patterns at the anterior half of the embryo upon ectopic N ICD expression ( Figures 7D,F compare with Figures C,E) . The expanded expression observed in more dorsal regions likely results from activation gained as a result of N ICD functioning in a permissive (i.e., 'anti-repressive) rather than instructive role (see Discussion; TapanesCastillo and Baylies, 2004).
DISCUSSION
We have identified an important role for Su(H) in defining borders of genes expressed along the DV axis in the Drosophila early embryo. Identification of Su(H) as a broadly acting repressor to support DV patterning helps explain how boundaries specified along this axis can be differentially positioned even in domains where the Dl gradient is shallow . This study highlights that Su(H) helps to establish many different boundaries of expression, and that the balance between activators as well as repressors differentially positions gene expression boundaries across the entire Drosophila DV axis.
Previous studies have suggested that Notch signaling can act as a molecular toggle to switch Su(H) activity from a repressor to an activator (rev. in del Alamo et al., 2011) and that Su(H) can act as an activator in the sea urchin embryo within a broad embryonic domain (Ransick and Davidson, 2006) . Nevertheless, a broader role for Su(H) in supporting patterning along the entire DV axis of the Drosophila embryo, beyond regulation of sim, has not been appreciated. We propose that Notch signaling is active in the entire ventral domain of the embryo and inactive dorsal to the Twi expression domain (Figures 4C-G) . At the interface, where Twi levels sharply decrease, Su(H) activity also changes. Su(H)'s role as activator may peak, possibly due to lateral induction of Notch signaling by the Delta ligand, and thereby aid in supporting sim expression, which also receives input from the Dl transcription factor. Alternatively, in the ventral-most regions, although Su(H) is required to support high levels of sna expression, it is not sufficient to support its expression ( Figure  2J ). This likely relates to the fact that sna expression is also dependent on Twi (e.g. see Figures 2B,M,O, and Figures S1H,I ) and that ectopic N ICD expression only induces weak sna expression in dorsolateral domains ( Figure 7H ). Notch signaling may help sharpen the sna and sim boundaries, because it influences the domains where Su(H) acts as an activator ( Figures 4F, and 4G ).
The specific differential positioning between sna and sim (by a difference of one cell) may relate to different inputs into the respective CRMs either through different sets of activators, number and/or quality of binding sites. Our data support the view that Twi and Su(H) define the sna dorsal boundary, with both factors acting synergistically to support activation in ventral regions and Su(H) acting as a repressor in lateral/dorsal regions to define the boundary position. We suggest that additional inputs by Dl and Zld into the sim gene are responsible for allowing the boundary of this gene to extend one-cell width farther than that of sna. sim expression is also repressed ventrally by Sna (e.g. Cowden and Levine, 2002) . These results are supported by our synthetic enhancer analysis because combination of Twi +Su(H) sites versus Dl+Su(H) sites promotes sharp boundaries that differ by one cell; the former overlaps with sna and the latter with sim (data not shown and Figure 6D , Figures  S3K,K' ). Previous studies have also suggested that Notch signaling per se is not required to support sim expression through transcriptional activation but to support 'anti-repression' (Morel and Schweisguth, 2000) . In particular, it was shown that a sim reporter construct in which Su(H) binding sites were mutated was able to support gene expression even in Notch germline clone embryos; this results supports the view that Notch signaling is required to promote sim expression through an anti-repression mechanism, where it allows activators to compete against Su(H) mediated repression (see also Tapanes-Castillo and Baylies, 2004) .
Furthermore, Sna has been previously shown to support Notch signaling pathway activation in the early embryo. Sna-mediated repression of the Bearded family proteins allows the E3 ubiquitin ligase Neuralized (Neur) to be active in the ventral regions of the embryo. Neur is required for endocytosis and activity of Notch ligand, Delta (Bardin and Schweisguth, 2006; De Renzis et al., 2006) . Therefore, positive feedback between Sna and Notch signaling may ensure that the sna boundary is sharp wherever it is positioned. Furthermore, our cisregulatory analysis demonstrates a role for Sna in supporting its own expression. This autoregulation of sna expression may work through indirect regulation of Notch signaling; alternatively Sna may influence which of its CRMs is able to engage with its promoter (e.g. see Dunipace et al., 2013) . For instance, the role of the Dl-dependent and Twi-independent proximal CRM (see Figures S1F,G) may simply be to support early sna expression until Twi levels are high enough to support expression through the distal CRM. Multiple feedback mechanisms, also including other dorsally-acting repressors yet to be identified, likely act to ensure the proper positioning of sna expression domain that establishes the mesodermmesectoderm-neurogenic ectoderm boundaries.
Some genes along the DV axis receive input from repressors other than Su(H), and one such example is the gene ind ( Figure 7J ). Evidence for dorsally-acting repression on ind was obtained from both CRM analysis and genetic experiments, which suggested that the repressor Capicua (Cic) might support dorsal repression through a 12bp A-box element (Ajuria et al., 2011; Garcia and Stathopoulos, 2011; Stathopoulos and Levine, 2005c) . However, Cic's influence seems to be limited to ind, as other genes expressed along the DV axis do not exhibit dorsally expanded expression domains in cic mutants nor do their CRMs contain matches to the A-box/Cic consensus sequence (M.Garcia and A.S., unpub. obs.) . Besides Cic, the Schnurri-Mad-Medea (SMM) complex, a repressive complex activated by TGF-β signaling, has been linked to repression of ind as well as vnd dorsal boundaries (Crocker and Erives, 2013; Garcia and Stathopoulos, 2011; Mizutani et al., 2006) . The SMM complex recognizes a 16 bp binding consensus but besides ind and vnd CRMs, only the sog promoter-proximal CRM contains a sequence match to this consensus (Supplemental Table S1 ). We suggest that the SMM-and Cic-mediated repression constrains the position of expression domains for the genes they influence (i.e. support hard boundaries), perhaps, because the repressors are themselves spatially localized (see Garcia et al., 2013) . Similar mechanisms using multiple, spatially defined repressors to establish 'hard' boundaries have been uncovered in other patterning systems: patterning of the anterior domain of the AP axis of Drosophila embryos and the neural tube specification in vertebrates (Balaskas et al., 2012; Chen et al., 2012; Lohr et al., 2009; Oosterveen et al., 2012) . In contrast, the data presented here supports the view that the Su(H) acts to counterbalance Dl and Zld mediated activation in a broad domain, affecting many genes expressed along the DV axis.
Our results suggest that positioning of genes along the DV axis is first directed by an approximation, a "pre-pattern" formation defined by gradients of activators and binding site specificity. This pre-pattern is refined by the action of repressors acting both dorsally and ventrally to establish final positioning of genes with a range of boundary positions ( Figure  6K ). Input by broadly-acting factors like Zld or Su(H) may ensure that patterns initiated by graded activators (e.g., Dl, Twi) have flexible domains of expression that span the entire DV axis.
EXPERIMENTAL PROCEDURES Drosophila strains and genetic crosses
Flies were reared in standard cornmeal food at 25°C unless otherwise indicated. The genotype yw was used as wild-type. Adh n7 sna 1 cn 1 vg 1 /CyO (Bloomington 25127) and twi 1 b 1 pr 1 cn 1 bw 1 /CyO (Bloomington 6147) fly stocks were rebalanced with CyO ftz-lacZ or CyO Hb-lacZ marked balancers, respectively. The CRM containing the 6 kb sna Proximal -lacZ reporter have been published previously (Ip et al., 1992c) . Su(H) Δ47 is a null allele (Morel and Schweisguth, 2000) ; Su(H) Δ47 FRT40A P[l(2)35Bg + ]/CyO was used to make germline clones (a gift from S. Artavanis-Tsakonas; Harvard, USA). UAS-N ICD (Struhl and Greenwald, 2001 ) and nosGal4-GCN-bcd3'UTR (Janody et al., 2000) were gifts from Terry Orr-Weaver (MIT, USA) and Heinrich Reichert (Biozentrum, University Basel, Switzerland), respectively. A 25 kB sna-GFP rescue construct was used and described previously .
We used the FLP-FRT system to generate Su(H) Δ47 germline clones (Chou and Perrimon, 1996) as described previously (Morel and Schweisguth, 2000) . In brief, hs-FLP1; Sco/CyO virgin females (Bloomington stock 1929) were crossed with ovo D1 FRT40A/Cyo males (Bloomington stock 2121). Non-Sco, Cyo F 1 males were crossed with Su(H) Δ47 FRT40A P[l(2)35Bg + ]/CyO virgin females. Second-to third-instar F 2 larvae were heat shocked 2 times for 1 hour per day at 37°C in a waterbath. Embryos were collected from non-CyO F 2 virgin females crossed to Su(H) Δ47 FRT40A P[l(2)35Bg + ]/CyO Hb-lacZ males.
N ICD ectopic expression experiments were conducted at 29°C to increase efficiency of Gal4 expression and compared with driver alone, treated equivalently.
Cloning and generation of reporter and chimeric constructs
eve promoter -lacZ-attB vector (Liberman and Stathopoulos, 2009 ) was used as a backbone in reporter and chimeric enhancer assays. A detailed description of how reporters were constructed including a list of primers used is provided within the Supplemental Information.
Chromatin preparation, DNA isolation, amplification, and sequencing
Chromatin was prepared as described previously and DNA sequencing of samples was performed according to standard Illumina protocols at Caltech Genome Center. See Supplemental Experimental Procedures for additional information.
Whole-mount in-situ hybridization, immunological methods, and antibodies
Standard protocols were used for embryo collection, fixing and staining. Samples were collected, stained, and processed in parallel and confocal microscope images were taken under the same settings to prevent variability between samples. Embryos were hybridized with antisense RNA probes labeled with digoxigenin, biotin or FITC-UTP to detect reporter or in vivo gene expression (Bischof et al., 2007) . Immunostaining was performed according to standard procedures using anti-N ICD antibody (Developmental Studies Hybridoma Bank, #C17.9C6, 1:20 dilution), anti-GFP antibody (Life Technologies, #1356608, 1:500), and anti-Twi antibody (rat) raised for this study (1:100). Secondary antibodies were purchased from Molecular Probes: Anti-Mouse 555 (#A31570, 1:1000), Anti-Rabbit 488 (#A21206, 1:1000), and Anti-Rat 647 (#A21472, 1:1000).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
• Su(H) is a transcription factor that regulates patterning along the entire DV axis.
• Notch signaling modulates Su(H) activity spatially.
• Su(H) repression acts as a counterbalance to Dorsal-and Zelda-mediated activation.
• Synthetic enhancers provide insight into combinatorial regulation by these factors. (H-K) Embryos were assayed by in situ hybridization using riboprobes to detect lacZ expression supported by chimeric st3-sna D .I-IV reporter constructs, respectively. See also Figure S1 . On the bottom left are outputs supported by these reporter constructs assayed by in situ hybridization using a riboprobe to detect lacZ expression. On the right are ventrolateral views of embryos processed by multiplex in situ hybridization using riboprobes to detect both endogenous ind expression (green) and lacZ expression (red); embryos were processed equivalently and imaged under identical settings to allow direct comparisons of domains and (J) A graphical representation of how activation-repression balance may position expression boundaries along the entire DV axis. Embryo cross-sections depict domains of action for a number of activators (red) and repressors (brown/gray) acting to support genes expressed along the DV axis (e.g. sna: green, sim: purple, etc.). TGF-β signaling may act to counterbalance Dl network-mediated activation of select genes expressed in the presumptive neurogenic ectoderm such as ind and vnd (left side) (Crocker and Erives, 2013; Garcia and Stathopoulos, 2011) ; whereas, our data here is consistent with the view that Su(H) functions as a more general repressor acting in both ventrolateral and dorsal regions to set the dorsal borders for a number of genes expressed along the DV axis including sna, sim, vn, and sog.
